The assessment of biomaterial susceptibility to infection relies mainly on the analysis of macroscopic bacterial responses to material interactions, usually under static conditions. However, new technologies permit a more profound understanding of the molecular basis of bacteriabiomaterial interactions. In this study, we combine both conventional phenotypic analysis -using confocal microscopy -and genotypic analysis -using the relative reverse transcription polymerase chain reaction (RT-PCR) -to examine the interaction of bacteria with OH-and CH 3 -terminated glass surfaces, under dynamic flow conditions. Bacterial adhesion, as well as slime production and biofilm formation, was much higher on the CH 3 -terminated than on the OH-terminated glass -for four Staphylococcus epidermidis strains. This was in agreement with the icaA and icaD gene expression results that showed increased expression for the bacteria adhering to the CH 3 -terminated substrate, especially under the higher shear rate. Therefore, the combined effect of the surface chemistry and shear significantly influence the adhesion and phenotype of interacting bacterial cells, while there are putative links between phenotypic responses to bacteria-material interactions and gene-expression profile alterations. This indicates that analysis of gene expression not only can greatly refine our knowledge of bacteria-material interactions, but also yield novel biomarkers for potential use in biocompatibility assessment.
Introduction
Infection remains one of the major impediments to the long-term use of many implanted and intravascular devices and Staphylococcus epidermidis, along with S. aureus, is the bacterium mainly associated with nosocomial device-related infections (Costerton et al., 1999; Rohde et al., 2010) . Studies have shown that the pathogenesis of S. epidermidis is strongly correlated to the ability of microorganisms to form biofilm (Costerton et al., 1999; Mack at al., 2007; Rohde et al., 2010; Otto, 2012) . The primary attachment step involves interactions of the bacterial surface with the physicochemical properties of the biomaterial followed by the involvement of adhesins, under flow conditions (Heilmann et al., 1996; Razatos et al., 1998; Katsikogianni and Missirlis, 2010; Rohde et al., 2010) . The accumulative phase of biofilm formation mainly depends on polysaccharide intercellular adhesin (PIA) or poly-N-acetylglucosamine polysaccharide (PNAG) synthesis that is encoded by the icaADBC operon (Heilmann et al., 1996; Rohde et al., 2010; Otto M, 2012) .
However, there is still a limited understanding of the key material surface control parameters that lead to prescribed bacterial-material responses. One of the reasons is that for many of the materials used the surface chemistry is quite complex. Many commercially available materials may contain impurities and surface-active additives, such as antioxidants or processing aids, which further complicate interpretation of bacteria-material interactions and result in uncertainties concerning the types of functional groups present at the surface (Tyler et al., 1992) . Surface modification by means of plasmaprocessing techniques, for example, usually introduce numerous functional groups and chemical crosslinks (Wang et al., 1995; Balazs et al., 2003; Katsikogianni et al., 2006) while chemical treatments often cause severe degradation of the surface -leading to increased roughness as well as to surface heterogeneity (Katsikogianni et al., 2006) . Time-dependent conformational rearrangements may also be observed (Silver et al., 1999; Katsikogianni et al., 2008) , while antibiotic loading, and release rates are difficult to control over long periods (Popat et al., 2007) and the risks for the spread of antibiotic resistance following the biomaterial prophylactic and therapeutic clinical use should also be considered (Campoccia et al., 2010) .
For these reasons, a rigorous study of the effects of surface chemistry on bacterial adhesion and gene expression requires a model system that allows precise control of the type and the configuration of functional
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groups at the substratum surface. In this direction, much interest has arisen in self-assembled monolayers (SAMs), with the goal of developing molecular-level control over surface properties (Wasserman et al., 1989; Mrksich, 1997) and providing the capability to circumvent many of the aforementioned experimental uncertainties (Mrksich, 1997) . However, the preparation of SAMs by the absorption of organosilanes onto hydroxylated substrates in solution can be rather tricky as the deposition of aggregated organosilane molecules frequently degrades the quality of the SAMs, increasing roughness and surface heterogeneity (Sugimura et al., 2002; Faucheux et al., 2004) .
Since it has been proven that bacterial adhesion is influenced not only by surface chemistry but roughness and configuration as well (Scheuerman et al., 1998; Truong et al., 2010) , we prepared CH 3 -terminated SAMs at the vapour/solid interface (Sugimura et al., 2002) in order to have smooth substrates. We could then examine the effect of the material surface chemistry, energy and charge on bacterial adhesion and icaA and icaD expression, in a direct manner.
Assessment of icaADBC operon's gene expression has become crucial to understanding the pathogenesis of S. epidermidis infections (Gerke et al., 1998; Vandecasteele et al., 2003; Vuong et al., 2004; Cerca et al., 2005; Kajiyama et al., 2009) . Reverse transcription (RT), followed by polymerase chain reaction (RT-PCR), represents a powerful tool for gene expression studies through the detection and quantification of mRNA. Quantification is realised, by the relative RT-PCR, by the determination of the expression level of the target gene versus a housekeeping gene (Pfaffl, 2004) .
There is evidence of up-and down-regulation of a number of genes, which occurs in the attaching bacteria upon initial interaction with the substratum. Davies and Geesey (1995) showed that during Pseudomonas aeruginosa biofilm formation in continuous culture, bacteria already attached to a glass substrate -for at least 15 min and for up to 25 days -exhibited up-expression of the alginate biosynthesis gene, algC. Moreover, bacterial cells not exhibiting algC up-regulation, although managed to attach, were shown to be less capable of remaining to the glass surface under flow, than bacteria in which algC up-expression was observed. In another study, PrigentCombaret et al. (1999) reported that major changes in the pattern of gene expression occur during biofilm development, as the transcription of 38 % of the genes was affected within the biofilm. For example, the colonic acid exopolysaccharide (wca locus) was more expressed in adhered bacteria than in planktonic, whereas the flagellin (fliC) was reduced in biofilms. Furthermore, Becker et al. (2001) identified five genes that were differentially expressed in biofilm and planktonic populations of S. aureus. None of these studies though employed RT-PCR for the detection of gene expression. In a recent study, the icaA gene expression among clinical and reference S. epidermidis strains was examined under static conditions, and the results showed that the level of biomaterial-induced icaA expression could not be correlated with the amount of biofilm formed, or the material physicochemical properties, but with the ability of bacteria in surviving antibiotic attack (Nuryastuti et al., 2011) .
According to our knowledge, there is no publication so far relating in a direct way the effect of the material surface chemistry on icaA and icaD expression in dynamic experiments, under different flow conditions. However, shear generated by local haemodynamics may modulate the bacterial adhesion process (Goldsmith and Turitto, 1986) . Although there is a lot of experimental work on the critical shear rate to prevent adhesion or to simulate detachment (Meiders et al., 1995; Boks et al., 2008a; Boks et al., 2008b) , little previous work exists on bacterial adhesion to model SAMs under a wide range of shear rates (Wiencek and Fletcher, 1995; Nejadnik et al., 2008) . Moreover, although it has been shown that shear stress strengthens bacterial attachment to red blood cells (Thomas et al., 2002) , the effect of shear on bacterial gene expression has not yet been examined. For this reason, in this work bacterial adhesion to OH-and CH 3 -terminated glass and ica gene expression were examined under two shear rates 50 and 2000 s -1 , that correspond to the physiological shear rates for stable laminar flow in blood vessels (Goldsmith and Turitto, 1986) .
In this direction, the present study attempts to answer in a fundamental way, by using the simplest possible chemistries, the following questions: Does the surface chemistry influence S. epidermidis adhesion and ica gene expression? How does adhesion and gene expression depend on shear rate and on the relative contribution of physicochemical and hydrodynamic interactions? These questions were addressed by quantitative measurements of bacterial adhesion, biofilm formation, PIA production and relative expression of icaA and icaD genes towards a 207 bp part of 23S rDNA on surfaces in laminar flow as a function of surface chemistry and fluid shear rate. In this contribution, the preparation and characterisation of hydroxylated glass substrates and CH 3 -terminated SAMs are briefly described.
Materials and Methods
Bacterial strains and culture conditions Four S. epidermidis strains were used. Two reference strains; ATCC35984 (RP62A), a well characterised slime producing/ica-positive strain, and ATCC12228, a slimenegative/ica-negative one, that were used as positive and negative controls respectively, and two clinical strains; the slime-positive/ica-positive GRE4388 and the slimenegative/ica-positive GRE2264, isolated from catheter infections of hospitalised patients at the Microbiology Laboratory of the University Hospital of Patras. The strains were characterised by biochemical tests (phenotype: 6706113 according to the analytical profile of API Staph System, bioMerieux, Lyon, France), and molecularly by restriction fragment length polymorphism of an amplified 370 bp part of the tuf gene (encoding elongation factor EF-Tu). The obtained restriction DNA fragments were 243 bp and 127 bp by BstZ171 and 246 bp, 86 bp and 38 bp by BseNI (Kontos et al., 2003) . Slime production was tested by inoculating 4-5 colonies of the reference A Foka et al.
Bacterial adhesion to biomaterials and gene expression (used as controls) and clinical strains in plastic tubes with 10 mL of Trypticase soy broth (bioMerieux) incubated O/N at 37 °C, inclined at 45°; the broth was gently discarded and slime was stained with 0.1 % safranin solution (Ishak et al., 1985) . The presence of ica operon was detected by PCR (Arciola et al., 2002) . Before each experiment, bacteria were cultured in Brain-Heart Infusion Broth (BHIB, Difco Laboratories, Detroit, MI, USA) and harvested while being in the midexponential phase (Vandecasteele et al., 2003) . Afterwards, they were resuspended in 0.9 % NaCl at a concentration of 3x10 9 colony forming units (cfu)/mL (according to the McFarland standard, bioMerieux).
Preparation and characterisation of self-assembled monolayers and bacterial cells The Self-Assembled Monolayers (SAMs) were prepared as described by Katsikogianni and Missirlis (2010) . Briefly, the hydroxyl (OH) terminated glass substrates were prepared by hydrolysing the glass slides (Knittel Gläser, Braunschweig, Germany) in 5 M NaOH (Carlo Erba, Renningen, Germany) followed by oxidation in piranha solution that converted all groups to silanol (Si-OH). The CH 3 -terminated monolayers were prepared by using octadecyltriethoxysilane (ODS, Gelest Inc., Morrisville, PA, USA) and following the vapour phase method at elevated temperature (Sugimura et al., 2002) .
The material surface properties were characterised as described by Katsikogianni and Missirlis (2010) . In brief, the topography of the OH-and CH 3 -terminated glass surfaces was examined by means of a Multimode AFM (Nanoscope III, Veeco, Plainview, NY, USA). The surface energy of the substrates and its components were evaluated using the "Lifshitz-van der Waals acid-base" ("LW-AB") approach, after measuring the contact angles of three probe liquids; ultrapure water, methylene iodide and glycerol, on the various substrates and bacterial strains. A Laser Zeta Meter (Malvern Instruments Ltd., Worcestershire, UK) was used to determine the zeta potential of OH-and CH 3 -terminated glass beads and the various bacterial strains after their suspension in 0.9 % NaCl. The total energy of bacterial adhesion was calculated according to the Extended (X) DLVO theory and expressed as the sum of the LW, AB and electrostatic (EL) interaction energies (Van Oss et al., 1986) Dynamic bacterial adhesion assays To evaluate the bacterial adhesion under flow conditions and investigate the combined effect of flow and surface chemistry on ica gene expression, the parallel plate flow chamber (PPFC) described by Stavridi et al. (2003) , was used. The pump was programmed to travel the pistons back and forth every 60 s. The shear rate (S) was calculated by the following formula:
( 1) where Q is the flow rate, W (width of the chamber) = 0.015 m and h (height of the chamber) = 0.35x10 −3 m. All experiments were carried out at 37 °C by placing the experimental setup inside a thermostatically controlled box (INFORS HT, Bottmingen, Switzerland) . A volume of 10 mL of each bacterial suspension at a concentration of 3x10 9 cfu/mL in 0.9 % NaCl was introduced to the system. Two shear rates were used: 50 and 2000 s -1 . Each experiment was performed three times for each bacterial strain. Two incubation times of the bacteria with the substrates were examined; two and four hours. Every experiment was repeated with fresh bacterial suspensions that were immediately inserted into the flow chambers, after bacterial resuspension in 0.9 % NaCl.
Examination and quantification of bacterial adhesion and biofilm formation
Colony forming units counting method After the adhesion experiments, adherent bacteria were detached by immersing each sample in 1 mL trypsin (Sigma-Aldrich) at 37 °C for 5 min and using a cell scraper (Sigma-Aldrich). Trypsin was inactivated by adding 2.5 mL of foetal bovine serum (FBS, Sigma-Aldrich) in each sample. Then 10-fold serial dilutions of the detached adherent bacteria were inoculated onto Trypticase soy agar (TSA, Difco Laboratories, Detroit, MI, USA) plates, and the numbers of adherent bacterial colonies were counted after 18 h of incubation at 37 °C (An and Friedman, 1997) .
Scanning electron microscopy
Prior to examination with scanning electron microscope (SEM), each sample was fixed for 20 min with 2.5 % glutaraldehyde (Sigma-Aldrich) in 0.9 % NaCl (An and Friedman, 1997) . Afterwards, the samples were dehydrated by several passages in ethanol-water solutions for 20 min each, using increasing concentrations of ethanol up to 100 %, sputter coated with gold and subsequently investigated with SEM (JEOL-JSM 6300, Hertfordshire, UK). Fixation and dehydration took place inside the flow chambers, and care was taken to avoid the formation and the passage of an air-liquid interface over the bacteriacovered surface. Such an interface would probably cause high shear and result in bacterial detachment and redistribution, especially in the case of hydrophobic surfaces (Boks et al., 2008b) .
Scanning confocal laser microscopy
In order to examine bacterial adhesion and PIA production by adherent bacteria, a fluorescently labelled lectin with Texas red; Wheat Germ Agglutinin (WGA) (Molecular Probes, Invitrogen, Paisley, Scotland, UK) was used in combination with the fluorescent DNA-binding stain SYTO 9 (Molecular Probes, Invitrogen). WGA specifically binds to N-acetyl-glycosaminoglycan that is the main component of PIA, while SYTO 9 was used to visualise the distribution of adherent bacteria (Strathmann et al., 2002) .
After fixation with 3 % formaldehyde and staining, the samples were examined by scanning confocal laser microscopy (SCLM) (TE 2000, Nikon, Lijnden, Netherlands) (Strathmann et al., 2002) .
Images were processed using the Image Pro Plus analysis software (Media Cybernetics), in order to quantify the percentage of surface area covered by biofilm and the percentage of the bacterial cells covered by PIA.
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ica gene expression study After the adhesion experiments, the adherent bacteria were detached by immersing each sample in 1 mL trypsin (Sigma-Aldrich) at 37 °C for 5 min and using a cell scraper (Sigma-Aldrich). Trypsin was inactivated with 2.5 mL foetal bovine serum (FBS, Sigma-Aldrich) and bacteria were collected by centrifugation. The bacterial pellets, kept at -20 °C, were used for RNA isolation, within a week after collection. Total RNA extraction from each sample was performed by the Trizol method (Invitrogen, Carlsbad, USA). The samples were examined in sets of four so that their processing was well controlled and consistent. Briefly, cells from each sample were washed with 1.5 mL of DEPC-treated water (0.1 %) (Invitrogen). The pellet was resuspended in 100 μL TE (pH = 8) containing 2 mg lysozyme (Sigma-Aldrich) and incubated at 37 °C, for 10 min, followed by the addition of 1 mL Trizol (Invitrogen) and further incubation at 30 °C for 30 min. Chloroform (200 μL) was added and the samples were incubated at -20 °C for 30 min, using vortexing in between. After centrifugation at 12,000 g, at 2-8 °C, for 15 min, the supernatant was transferred into an Eppendorf tube and RNA was precipitated with 500 μL isopropanol (Chini et al., 2007) . RNA was finally dissolved in 50 μL DEPC-water and treated with 3 IU RNase-free DNase (Promega, Madison, WI, USA) at 37 °C for 1 h. RNA was quantified measuring the absorbance at 260 nm (Sambrook et al., 1998) , while nucleic acid purity was assessed by A260nm/A280nm ratio (acceptable if >1.6). Genomic DNA contamination was tested by PCR with specific primers, using the appropriate reaction mix composition and thermal conditions for icaA and icaD genes (Arciola et al., 2002) and a 207 bp part of the region V in the 23S rDNA gene designed by us (23SrDNA-forward: 5'-CTTATCTCCCCCAAGAGT-3' and 23SrDNA-reverse: 5'-TCTCGTACTAAGGACAGCTC-3'). Complementary DNA (cDNA) synthesis was carried out using 0.5 ng total RNA, 50 ng random hexamers primers and the SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen).
Real Time PCR for icaA, icaD genes, and a 207 bp part of the region V in the 23S rDNA gene were carried out with the RotorGene device (RG-3000, Corbett Research, Sydney, Australia). The same primers used for the conventional PCRs were applied, while icaA and icaD genes were selected to be tested as markers of ica operon activity, because they encode the first two components of biofilm formation The icaA gene product is a transmembrane protein with homology to N-acetyl glucosaminyltransferases, requiring the icaD gene product for optimal activity (Gerke C et al., 1998; Otto M, 2012) . All reactions were carried out using 5 μL of cDNA (diluted 1:10), 2x SYBR ® Green I master mix (Invitrogen) and specific primers (Chini et al., 2007) . For icaA and icaD genes the cycling conditions were: 50 °C for 2 min; 95 °C for 5 min; 45 cycles of 95 °C for 20 s, 58 °C for 20 s and 72 °C for 20 s; a final elongation step at 72 °C for 5 min. For 23S rDNA gene, thermal conditions were 50 °C for 2 min; 95 °C for 5 min; 45 cycles of 95 °C for 20 s, 53 °C for 20 s and 68 °C for 20 s; a final elongation step at 68 °C for 5 min. Each run included the ica-negative and a non-template control as negative controls. Specificity of the PCR products was confirmed by analysis of the dissociation curve. Results were evaluated using the RotorGene analysis software 6.0. The amplicons' expected size and the absence of non-specific products were confirmed by conventional PCR with the same primers. Efficiency of reactions was calculated from the slope according to the equation E = 10 -1/slope (Pfaffl, 2004) . Absolute Real-Time PCR was performed as described by Chini et al. (2007) . icaA, icaD, and 23S rDNA genes of the reference ATCC35984 strain were amplified by conventional PCRs and prepared as standards. The amplicons were purified (Wizard PCR Preps DNA Purification System, Promega, Madison, WI, USA) and their concentrations were calculated (Chini et al., 2007) . In order to quantify the expression level of each gene the cDNA's of each sample were amplified by RT-PCR, followed by importation of the standard curve of each gene and the results were expressed as copies/µL (Chini et al., 2007) .
Relative RT-PCR constituted the rate of the expression levels of tested genes comparing the absolute values of each gene towards those of the reference (23S rDNA) (Fluckiger et al., 2005) . PCR efficiencies were first established for each pair of primers.
Statistical analysis
The effects of the surface chemistry and flow conditions on bacterial adhesion, biofilm formation, PIA production and icaA and icaD gene expression were statistically analysed using the SPSS package for windows. One way analysis of variance (ANOVA) was performed using the Scheffe significant difference test. Moreover, regression analysis and correlation coefficients (R 2 ) were obtained using SPSS. Correlations were taken as significant for p < 0.01.
Results

Physicochemical properties of the substratum and the bacterial surfaces-interaction energies
The AFM analysis of the substrates revealed that the silanisation of the glass with ODS at the vapour/solid interface did not significantly influence the surface morphology and the Ra values (Ra of CH 3 -terminated glass: 1.2 ±0.2 nm and of the OH-terminated ones: 0.9 ±0.2 nm). As detailed in (Katsikogianni and Missirlis, 2010) , the CH 3 -terminated surface presents significantly higher contact angles for all the three tested liquids liquids; water, methylene iodide and glycerol in comparison to the OH-terminated glass. Moreover, according to the Lifshitzvan der Waals (LW) ( ) -acid-base (AB) ( ) approach (Van Oss, 1986; Katsikogianni and Missirlis, 2010) and the results presented in Table 1 , the ATCC35984 and GRE2264 bacterial strains and the OH-terminated glass appear to be polar ( > ), whereas the ATCC12228 and GRE4388 bacterial strains and the CH 3 -terminated SAM are rather hydrophobic ( >> ). Accordingly, the electron donor parameter ( ) of the ATCC35984 and GRE2264 bacterial strains and the OH-terminated glass is much higher than the electron acceptor ( ). In contrast, the , , of showed the OH-terminated glass is negatively charged whereas the CH 3 SAMs present low charge (Table 1 ). All bacteria are negatively charged. Table 2 presents the total interaction energies ( ), evaluated using the XDLVO theory, among the four S. epidermidis strains and the OH and CH 3 -terminated substrates for distance d = 1 nm. According to the results, all bacterial strains should be attracted to the CH 3 SAM due to the attractive AB interactions that are the predominant ones at close distance. Moreover, although the EL and LW interactions are not significantly different between the four bacterial strains, the AB interactions are, due to their significantly different surface free energy components. Therefore, according to the XDLVO theory, ATCC12228 and GRE4388 should be more adherent than ATCC35984 and GRE2264, due to the differences in their polarity and consequently due to the differences in the AB interactions. This was in agreement with the experimental results that follow. Fig. 1 shows the combined effect of surface chemistry and shear rate on bacterial adhesion (number of adherent bacteria/cm 2 ), as this was quantified by the Colony Forming Unit (CFU) method, for ATCC35984 (Fig.  1a) , ATCC12228 (Fig. 1b), GRE4388 (Fig. 1c) and GRE2264 (Fig. 1d) . These results showed that all four bacterial strains presented similar adhesion trends; they adhered significantly more to the CH 3 -terminated glass in comparison with the OH-terminated one (p < 0.01). The adhesion events were increased after 4 h of incubation into the PPFC. A decrease in the number of adherent bacteria, for all materials and bacterial strains, was observed when the shear rate increased from 50 s -1 to 2,000 s -1 . This decrease was significantly different (p < 0.01), for all possible combinations. The lowest number of attached bacteria was calculated under the higher shear rate onto the OH-terminated surface, for all bacterial strains. Under the aforementioned conditions, the clinical slime-positive strain (GRE4388) showed the highest number of attached bacteria (1.31x10 9 bacteria/cm 2 ), even in comparison to the reference slime-positive strain ATCC35984 (7.42 x 10 8 bacteria/cm 2 ). The reference slime-negative strain ATCC12228 presented similar values of attached bacteria on the OH-terminated substrates, under both shear rates, as the reference ATCC35984. Moreover, it presented higher values of attached bacteria on the CH 3 -terminated substrate, under both shear rates, in comparison with ATCC35984. The clinical slime-negative strain (GRE2264) presented the lowest number of adherent bacteria; in comparison to all other bacterial strains for all the possible combinations (p < 0.01).
Bacterial adhesion and biofilm formation Colony forming units counting method
Scanning electron microscopy
The SEM images revealed that, apart from the fact that the CH 3 -terminated substrate yielded the highest number of adherent bacteria for all four bacterial strains, ATCC35984 (Figs. 2a and 2d ) and GRE4388 (Figs. 2e and 2f) , that are slime-positive, produced slime only when they were attached to the CH 3 -terminated substrate (Figs. 2a, 2b , 2e and 2f), under both shear rates and 2 or 4 h post-adhesion, whereas isolated bacteria or small aggregates were observed onto the OH-terminated glass (Figs. 2c and 2d) .
In the case of ATCC35984, under the higher shear rate conditions and 4 h of adhesion (Fig. 2b) , the patterns of adhesion had essentially the same form, as in the case of the lower shear rate. However, the adherent to the CH 3 substrate bacterial aggregates were smaller and the biofilm thinner and denser, as this was verified and quantified by the confocal microscopy measurements (Table 3 ).
In the case of GRE4388, 4 h after adhesion under high shear rate, there was an increase in both the number of adherent bacteria and the quantity of slime, without influencing the biofilm thickness (Fig. 2f) , as this was Table 1 . Material and biomaterial total surface free energy ( ), its apolar ( ) and polar ( ) components, the electron donor ( ) and the electron acceptor character ( ), as these are calculated according to the "Lifshitz-van der Waals acid-base" approach. Zeta potential (ζ) in mV, of the two substrates and the various bacterial strains (Three samples were independently prepared and three measurements were taken on each one). The surface energy parameters for Glass-OH, Glass-CH 3 , ATCC35984 and ATCC12228 have been also presented in Katsikogianni and Missirlis, 2010 and 2,000 s -1 . p < 0.001 for all the possible combinations. (d), two hours after adhesion and of GRE4388 interacting with the CH 3 -terminated substrate under 2,000 s -1 , two (e) and four (f) hours after adhesion. Scale bars represent 2 µm for image (a) and 5 µm for images (b-f).
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confirmed by the confocal microscopy. Slime produced by this bacterial strain appeared to be less in comparison to that produced by ATCC35984, 2 and 4 h after adhesion. Clusters of an average number of 10 bacteria were observed on glass when ATCC12228 were examined, under all the tested conditions, whereas larger clusters were observed when the bacteria were adhering on the CH 3 -terminated substrate. Slime was not observed, under all tested conditions, when the slime-negative strains were examined. Similar results were obtained when the slimenegative, ica-positive strain GRE2264 was examined (images not presented).
In order to quantitatively examine the effect of surface chemistry and shear rate on biofilm formation and PIA production, these two different patterns of adhesion: large clusters of bacteria on the CH 3 -terminated substrate (Figs. 2a, 2b, 2e and 2f) and isolated bacteria or small aggregates on the OH-terminated one (Figs. 2c and 2d ), were further examined by means of SCLM. Table 3 presents the combined effect of surface chemistry and shear rate on biofilm formation and PIA production, as this was quantified by using the SCLM and the image analysis software: Image Pro Plus. The percentage (%) of the material surface covered by biofilm, the biofilm thickness and the percentage of biofilm covered by PIA showed that the slime-positive bacterial strains presented similar adhesion trends; larger biofilms covered by PIA were formed on the CH 3 -terminated glass in comparison to the OH-terminated one (p < 0.01). As shown in Fig. 3 and Table 3 , PIA production is significantly higher on the CH 3 -terminated substrates (Figs. 3a and 3b ) than on the OH-terminated ones (Figs. 3c and 3d) (p < 0.01), when ATCC35984 was examined. Most slime production was observed 2 h after bacterial adhesion (Figs. 3a and 3b) . Biofilm formation and PIA production were induced after 4 h of incubation into the PPFC for all the CH 3 -terminated substrates under the lower shear rate. 58.4 ±2.9 2.9 ±1.5 2.7 ±1.9 Table 3 : Mean values and standard deviation (n = 3) of % surface coverage of the surface by biofilm, biofilm thickness and % coverage of biofilm by PIA, as these were quantified using SCLM and image analysis. Fig. 3 . SCLM images of ATCC35984 interacting with the CH 3 -terminated substrate under 50 s -1 (a) and 2,000 s -1 (b) two hours after adhesion, of ATCC35984 interacting with the OH-terminated substrate under 50 s -1 (c) and 2,000 s -1 (d), two hours after adhesion and of ATCC12228 (e) and GRE2264 (f) interacting with the CH 3 -terminated substrate under 2,000 s -1 , two hours after adhesion. Scale bars represent 5 µm for images (a-e) and 1.94 µm for image (f).
Scanning confocal laser microscopy
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Similar results were obtained when GRE4388 was examined. Most slime was produced on the CH 3 -terminated substrates, but 4 h after adhesion, and not after 2 hours, as was the case for ATCC35984 (Table 3) .
A decrease in the biofilm formation but an increase in PIA production, for the slime-positive bacterial strains, was observed when the shear rate increased from 50 s -1 to 2,000 s -1 , 2 h after adhesion (Table 3 and Figs. 3c and 3d) . However, after 4 h, under the higher shear rate conditions, the quantity of PIA is lower than in 2 h (p < 0.01), possibly due to detachment.
The lowest surface coverage by biofilm was calculated under the higher shear rate onto the OH-terminated surface, for all bacterial strains and this was significantly different (p < 0.01), for all the possible combinations.
Under the aforementioned conditions, the clinical slime-positive strain (GRE4388) formed the largest biofilms, even in comparison to the reference slimepositive strain ATCC35984. However, GRE4388 produced less PIA than ATCC35984 (p < 0.05) ( Table 3) .
The reference slime-negative strain ATCC12228 presented similar values of biofilm formation (attached Fig. 4 . Effect of shear rate and surface chemistry on adherent bacteria for strains: ATCC35984 on icaA 2 and 4 h after adhesion (a) and on icaD 2 and 4 h after adhesion (b); GRE4388 on icaA 2 and 4 h after adhesion (c) and on icaD 2 and 4 h after adhesion (d); GRE2264 on icaA 2 and 4 h after adhesion (e) and on icaD 2 and 4 h after adhesion (f). Results are expressed as mean values and error bars indicate standard deviation (n = 3). * p < 0.001, ** p < 0.05, when the results for the same adhesion time are compared.
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Bacterial adhesion to biomaterials and gene expression bacteria) on the OH-terminated substrates, under both shear rates, as the reference ATCC35984. Higher values of attached bacteria on the CH 3 -terminated substrate were detected, under both shear rates, in comparison to ATCC35984 (Fig. 1) . The clinical slime-negative strain (GRE2264) presented the lowest biofilm formation (attached bacteria); in comparison to all other bacterial strains for all the possible combinations (p < 0.01).
For both slime-negative strains; ATCC12228 and GRE2264, no PIA production was observed, under all tested conditions (Figs. 3e and 3f and Table 3 ) and the percentage (%) of biofilm covered by PIA that is presented is due to non specific binding.
ica Gene Expression
The slime-negative reference strain ATCC12228 gave negative PCR results under all the tested conditions. For all the other tested bacterial strains, the expression levels of both icaA and icaD were much higher 2 h after adhesion than 4 h later, especially in the case of ATCC35984.
Reference strain ATCC35984 showed statistically significant higher expression of ica genes under the higher shear rate 2 h after adhesion to both materials (p < 0.001) (Figs. 4a and 4d) . A statistically significant higher expression was observed for icaD, under the higher shear rate, 2 h after adhesion to the CH 3 -terminated glass, in comparison to all the other samples (Fig. 4d) .
The clinical slime-positive strain GRE4388 showed high expression of icaA on the CH 3 -terminated glass under the higher shear rate and of icaD on the CH 3 -terminated glass, under both shear rates (Figs. 4b and 4e) (p < 0.001). The increase in shear rate increased the expression level of both ica genes to both materials.
The clinical slime-negative strain GRE2264 presented similar results as the other two strains, showing high expression of both genes 2 h after adhesion to the CH 3 -terminated glass, under the higher shear rate (p < 0.001) (Figs. 4c and 4f ).
Discussion
In this study the combined effect of the surface chemistry and shear rate on four S. epidermidis strains adhesion, biofilm formation, PIA production and icaA and icaD expression was investigated. The relative contribution of physicochemical and hydrodynamic interactions on bacterial adhesion and specific genes expression was addressed by quantitative measurement of bacterial adhesion, slime production and gene expression on surfaces in laminar flow, as a function of fluid shear rate.
The adhesion of the four bacterial strains showed similar trends. All bacterial strains adhered significantly more to the CH 3 -terminated glass in comparison to the OH-terminated one (p < 0.01) and produced biofilm on this substrate. The lowest number of attached bacteria was calculated under the higher shear rate onto the OHterminated surface, for all bacterial strains. The reference slime-negative strain ATCC12228 presented similar values of attached bacteria on the OH-terminated substrates, under both shear rates, as the reference slime-positive ATCC35984. Higher numbers of attached bacteria on the CH 3 -terminated substrate were calculated when compared with ATCC35984. Therefore, although ATCC12228 does not produce slime, it exhibited higher adhesion and biofilm formation ability, due probably to its surface characteristics and in particular due to its low polarity (Katsikogianni and Missirlis, 2010) , meaning that PIA is not the only factor mediating bacterial adhesion to biomaterials and accumulation. This is in agreement with Mack's et al., observations that strains of S. epidermidis lacking icaADBC may also produce biofilm (Mack et al., 2007) . Moreover, although Zhang et al. (2003) described ATCC12228 as non-biofilm-forming, they showed that it has the required genes for Aap and autolysin production, among others, and these are possible pathogenic factors that enable adhesion and accumulation.
Apart from the number of adherent bacteria, biofilm formation and slime production is another important parameter that affects bacterial pathogenicity. Even though bacterial strains were found in which biofilm formation is independent of PIA, in vivo models have shown that PIA contributes to virulence of S. epidermidis (Otto, 2012) . Biofilms protect bacteria from antibiotics and immune mechanisms of the host, acting as a mechanical barrier (Otto, 2012) .
SCLM and image analysis revealed that larger biofilms covered by more PIA were formed on the CH 3 -terminated glass in comparison with the OH-terminated one, by the slime-positive strains. The clinical slime-positive strain GRE4388 produced larger biofilms than the reference slime-positive strain ATCC35984, but the later produced more PIA. The increase in shear rate increased PIA production, two hours after adhesion, for both CH 3 -and OH-terminated substrates, meaning that both surface chemistry and shear conditions affect the phenotype of attached bacteria.
In order to investigate possible links between phenotypic responses and genetic activity of bacteria during bacteriamaterial interactions under shear conditions, assessment of icaA and icaD gene expression towards a part of 23S rDNA was performed.
Both icaA and icaD seem to be influenced by the material surface chemistry and the shear conditions in a similar manner, with the expression rate of icaD/23SrDNA being higher in comparison to icaA/23SrDNA for almost all the cases. This result might be related to the timing of bacterial harvesting, after 2 and 4 hours of incubation, eliciting that icaA is expressed at earlier stages.
Comparing the ability of the adherent bacteria to express ica genes, among the different strains, the highest ratio was observed for the clinical slime-positive strain (GRE4388). Cerca et al. (2005) also observed the straindependence of biofilm formation onto acrylic and glass surfaces among various S. epidermidis strains.
However, ATCC35984 produced more PIA in comparison to the other strains, although GRE4388 showed higher gene expression. This may be explained by the time dependence of gene expression, or that the reference strain responds less to the different biomaterials perhaps because it has lost the ability to sense a surface, indicating www.ecmjournal.org A Foka et al.
Bacterial adhesion to biomaterials and gene expression the importance to use clinical strains in such experiments (Nuryastuti et al., 2011) . According to our results the highest expression rates of ica genes among adherent bacteria was observed after two hours of adhesion, in comparison with the four hours. This could mean that for such a small system, as the flow chambers that were used in this study, genes are expressed even earlier. A trial that was done to examine gene expression after half an hour did not give results, as the number of attached bacteria was low and did not allow enough RNA isolation. Therefore, it may be possible that in the case of ATCC35984 ica genes are expressed earlier than in the case of GRE4388 giving more PIA production for the reference slime-positive strain, as this was observed by the scanning confocal laser and the scanning electron microscopes. Early high transcription of icaA has also been reported in a study using stainless steel (Kajiyama et al., 2009) and during an in vitro foreignbody colonisation model (Vandecasteele et al., 2004) . In a study performed under static conditions, analysis of icaA expression on the various materials showed that while polyethylene showed the highest expression of the icaA for all clinical isolates, it allowed only marginal biofilm growth, while polymethylmethacrylate and stainless steel showed the more extensive biofilm formation, but did not have the highest icaA expression (Nuryastuti et al., 2011) . In our case, the effect of the surface chemistry on icaA and icaD genes expression was observed for both slime-positive strains, ATCC35984 and GRE4388. Additionally, the slime-negative GRE2264 strain showed high expression of ica genes when bacteria were interacting with the CH 3 -terminated glass substrate, two hours after adhesion. This is in agreement with the work of Khalichi et al. (2009) that showed increased expression levels of glucosyltransferase B (gtfB), a gene that is involved in Streptococcus mutans biofilm formation, for bacterial cells that came in contact with triethylene glycol derived from dental composite resins. Trying to explain the adhesion of the four bacterial strains to the various substrates, the biofilm formation, the PIA production and the ica gene expression, we considered that the changes in the chemical structure that took place during the organosilane deposition have to be the important parameters. The implementation of the "LW-AB" Thermodynamic approach allowed for the investigation of how the phenotypic and genotypic responses of the various bacterial strains are correlated not only with the , and its apolar ( ) and polar ( ) components, but also with the electron-donor ( ) and the electron-acceptor ( ) character of the substratum surfaces as well.
Regression analysis of these data revealed that all the parameters related to bacterial adhesion; number, biofilm formation, PIA production and gene expression were negatively correlated with the and its polar ( ) component (p < 0.001), whereas there was not significant correlation with its apolar ( ) component. Concerning the and the character of the substratum surfaces, the regression analysis revealed that all the parameters were negatively correlated with (p < 0.001), but they were not significantly correlated with , for all the bacterial strains. Therefore, the electron donor character of the substratum surface is one of the material properties that control bacterial adhesion. In particular, an increase in decreases bacterial adhesion and gene expression (p < 0.001). These results are in agreement with Liu's et al. (2007) results, which showed that the attachment of S. epidermidis to non-protein coated surfaces was compatible with the thermodynamic theory.
Our literature survey revealed controversies concerning the effect of the surface free energy and its polar component on adhesion. In our previous study (Katsikogianni et al., 2008) we observed that adhesion of S. epidermidis onto He and He/O 2 treated PET was reduced in comparison to PET, due to the increase in the surface free energy and polar component, whereas the ageing time and the consequent decrease in the surface free energy and polar component favoured bacterial adhesion. Moreover, Balazs et al. (2003) observed that O 2 plasma treated PVC reduced Pseudomonas aeruginosa adhesion as much as 70 %, whereas, in another study, S. epidermidis adhesion was increased by O 2 plasma treated polystyrene (Morra and Cassinelli, 1996) .
Moreover, the zeta potential of the substratum surfaces is another parameter that significantly influences bacterial adhesion. Since the four bacterial strains appeared negatively charged, when bacteria were suspended in 0.9 % NaCl, all the bacterial adhesion parameters were negatively correlated with the materials' zeta potential. For this reason, adhesion was found to be lowest onto the OH-terminated glass that appeared negatively charged in the same solution. This is in agreement with the results of Sharp and Dickinson (2005) .
As far as the predictability of the XDLVO theory, the results revealed that the number of adherent bacteria was negatively correlated with the total interaction energy and therefore it predicts in a qualitative manner the combined effect of the LW, the EL and the AB interactions between the bacteria and the substratum surfaces as a function of distance. These results are in agreement with those of Meiders et al. (1995) .
The flow conditions and the associated hydrodynamic forces strongly influence the number of attached bacteria. In particular, it was observed that the increase in shear rate decreased the number of adherent bacteria to both CH 3 -and OH-terminated substrates, for all the four tested bacterial strains. The lowest number of attached bacteria was calculated under the higher shear rate onto the OHterminated surface, for all bacterial strains.
These results are in agreement with those of Bayoudh et al. (2005) and Nuryastuti et al. (2008) , who observed that bacterial adhesion strength measurements were in agreement with the adhesion free energy calculations. In contrast Finlay et al. (2002) observed that although the highest number of Enteromorpha zoospores adhered to the less polar SAMs surface, which is in accordance with the thermodynamic theory, at high shear stress (56 Pa) zoospores detached more easily from the less polar SAMs than from the polar ones.
Moreover, this study showed that the increase in shear rate greatly influenced not only the number of adherent bacteria, but the expression levels of icaA and icaD genes as well. In previous studies, there is evidence that bacteria in biofilm can respond to shear by altering their A Foka et al.
Bacterial adhesion to biomaterials and gene expression morphology, size, density growth rate and metabolism (Liu and Tay, 2001; . Under higher shear rates the resulting biofilm was found to be denser and thinner, while higher dehydrogenase activity and lower growth yield were obtained when the shear rate was raised. The reduced growth yield, together with the enhanced catabolic activity, suggests that a dissociation of catabolism from anabolism may occur at high shear rates. Therefore, a biological phenomenon, besides a simple physical effect, may underline the observed relation between the shear rate and the resulting biofilm structure and performance.
Although it is known that both prokaryotic and eukaryotic cells are capable of sensing mechanical forces and converting them into biological signals via mechanotransduction mechanisms, this process is relatively less understood (Vogel and Sheetz, 2006; Kim et al., 2009 ). In the case of bacteria, it has been observed that shear stress strengthens E. coli attachment to red blood cells through biological interactions that are enhanced by mechanical force pulling a ligand-receptor complex apart, and are known as "catch bonds" (Thomas et al., 2002) . One compelling model for these force-enhanced interactions proposes that conformation of the ligand-binding pocket in the receptor protein is allosterically linked to the quaternary configuration of the receptor domains (Sokurenko et al., 2008) .
According to our knowledge though, no study has been published so far on the effect of shear rates, similar to the ones found in vivo, on bacterial gene expression. Only the effect of low-shear modelled microgravity conditions on Salmonella typhimurium function has been examined so far, where increased virulence, resistance to environmental stresses and global changes in gene expression were identified (Wilson et al., 2007) .
However, fluid shear stress, which occurs naturally in a variety of physiological conditions, is one of the most important mechanostimuli. Although it has been shown that numerous cellular functions are regulated by shear stress (Jacobs et al., 1998; Shive et al., 2000; Yamamoto et al., 2005) , in the case of bacteria much research has been conducted so far to investigate cellular responses to soluble biochemical factors, such as growth factors and bacterial density (Baca-Delancey et al., 1999) , salts, ethanol, iron, nutrient-limited factors and heat (Fitzpatrick et al., 2002; O'Gara, 2007) , and to low-energy pulsed ultrasonic simulation (Ishibashi et al., 2010) .
In this study it was observed that the increase in shear rate significantly increased ica gene expression for both substrates and adhesion times (p < 0.01). This study therefore not only confirms what others have shown about how bacterial adhesion is influenced by the physicochemical characteristics of the bacterium, the substratum and the fluid interface. It also shows that the combination of interactions between the bacteria and the substrata, such as electrostatic, Lifhsitz -van der Walls and acid base, under the presence of shear stress, significantly affects bacterial ica gene expression.
OH and CH 3 -groups are present on metallic, ceramic and polymeric surfaces, as well as on biological substrates and were chosen because their physicochemical properties are significantly different. The results of the present study suggest that in the case of the CH 3 SAM bacterial adhesion and biofilm formation, partially by the expression of ica genes, seem to be enabled by the attractive colloidal forces at contact, as well as by the presence of trapped nanobubbles at the less polar substrate (Seddon and Lohse, 2011) . The strong repulsive colloidal forces in the case of the OH-terminated glass seem to inhibit not only bacterial adhesion but slime production as well, due possibly to reduced ica gene expression.
Therefore, these results suggest that the incorporation of OH groups and the subsequent increase of the surface energy, the polar ( ) component, the electron-donor ( ) character and the negative charge of the proposed as a biomaterial substrate can decrease both the bacterial adhesion and the biofilm formation. In this direction, the use of chemicals treatments or plasma for the incorporation of OH groups, or the use of various phenols and phenolic acids, quinones, flavonoids, alkanoids, lectins or polypeptides, that are found in various natural extracts and have been shown to exert a broad spectrum of biological activities (Cowan, 1999) , including antimicrobial properties, could be useful solutions for the reduction of the biomaterial associated infections. Furthermore, the effect of shear stress on the changes in gene expression of adhering bacteria is another parameter that should be taken into consideration for the design of biomaterials, as the increase in shear rate significantly increased ica gene expression for both substrates and adhesion times.
A limitation of the present study is that the reactivity of other genes contributing to S. epidermidis adhesion and biofilm formation under the same conditions has not been tested.
Conclusion
This study was conducted with a collection of reference and clinical S. epidermidis strains with different phenotypes and genotypes, utilising two shear rates and two surface functionalities, in order to investigate how surface chemistry and hydrodynamic conditions influence biofilm formation and ica gene expression. The results showed that both parameters significantly influence both biofilm formation and the expression of ica locus. The combination of both conventional phenotypic analysis, using SEM and SCLM, and genotypic analysis, using the relative reverse transcription polymerase chain reaction (RT-PCR), offers the potential to explore the links between phenotypic responses to bacteria-material interactions and gene expression profile alterations, under dynamic conditions. Bacterial adhesion as well as slime production and biofilm formation were much higher on the CH 3 -teminated glass than on the OH-terminated one, for the slime-positive S. epidermidis strains, and these were in agreement with the increased icaA and icaD gene expression levels for the bacteria adhering to the CH 3 -terminated substrate, especially under the higher shear rate. These observations indicate that the analysis of gene expression, along with the use of appropriate microscopies may provide a more A Foka et al.
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